The S=1/2 antiferromagnetic Heisenberg chain exhibits a magnetic field driven quantum critical point. We study the low frequency spin dynamics in copper pyrazine dinitrate (CuPzN), a realization of this model system of quantum magnetism, by means of 13 C-NMR spectroscopy. Measurements of the nuclear spin-lattice relaxation rate T 1 -rates and frequency shifts allows one to disentangle the contributions from transverse and longitudinal spin fluctuations for a selective study and to determine the transfer of delocalized spin moments from copper to the neighboring nitrogen atoms.
1 Introduction Low dimensional quantum magnets, e.g. spin chains or ladders, are model systems for the study of quantum criticality [1, 2, 3, 4, 5, 6, 7, 8, 9] . For the isotropic S=1/2 antiferromagnetic Heisenberg chain (AFHC), nuclear magnetic resonance (NMR) has been used to probe the slow spin fluctuations in the full magnetic phase diagram of the AFHC, i.e., from the low to the high field limit and at temperatures from the quantum regime (k B T ≪ J) up to the classical regime (k B T ≫ J) [10] . The Hamiltonian of the AFHC in an external field reads:
where S i are spin operators and J is the exchange energy. At B c = 2J/(gµ B ) the system exhibits a quantum critical phase transition, where a single Ising triplet as lowest elementary excitation crosses the ground state and the system switches from complete polarization into a Luttinger liquid of deconfined spinons. The condensation of low energy excitations is often referred to as critical slowing down and gives rise to a divergence of slow spin fluctuations.
In this paper we present a NMR study of the low frequency spin response for various magnetic fields close to B c = 14.9 T [11] in the metalorganic AFHC copper pyrazine dinitrate (CuPzN). We discuss experimental data for fields from 2.0 to 14.8 T and temperatures from 1.6 to 30 K. The dynamics are probed by the nuclear spin-lattice relaxation rate T
−1 1
and compared with quantum Monte Carlo (QMC) calculations. We also study the anisotropy of contributions from transverse and longitudinal spin fluctuations to T −1 1 and relate them to the anisotropic NMR frequency shift in the low field regime. The results are used to experimentally select the transverse spin fluctuations in the present work and to evaluate the spin density transfer from the copper ions to the neighboring nitrogen atoms in the pyrazine ring.
Experimental
The compound CuPzN, i.e., Cu(C 4 -H 4 N 2 )(NO 3 ) 2 has been characterized by inelastic neutron scattering, muon-spin relaxation, magnetothermal transport, specific heat and magnetization measurements [11, 12, 13, 14] . All of these studies confirm CuPzN to be one of the best realizations of the AFHC with a low coupling constant J/k B = 10.7 K. This low value of J allows the study of the magnetic QCP in standard laboratory magnets. The electronic S =1/2 spins are mainly located in the Cu 2+ 3d-orbitals, whereas the 13 C nuclei in the pyrazine ring were used as I = 1/2 NMR probes. The onsite copper nuclei exhibit an extremely short spin-correlation time that is below the dead time of a standard NMR spectrometer. The measurements were performed in an 8 and a 17 T superconducting magnet with a modified Bruker CXP200 spectrometer and a home-built spectrometer, respectively. In both cases a standard inversion-recovery spin-echo pulse sequence was used.
Nuclear Magnetic Resonance
The nuclear spinlattice relaxation rate T −1 1 measures the electronic spin fluctuations at the nuclear Larmor frequency ω n . For the AFHC it can be written as [15] 
Here,
yz (q) are the geometrical form factors and S ⊥ (q, ω) and S z (q, ω) are the dynamical structure factors of the electronic spin system. A αβ with α, β = x, y, z are the components of the hyperfine coupling tensor A(q).
Anisotropy of the NMR shift δ
In CuPzN both an isotropic hyperfine part A iso (q) and an anisotropic dipolar part A dip (q) contribute to the coupling of the 13 C nuclei to the magnetic moments of the Cu 2+ electrons. The NMR shift δ is proportional to the projection of the hyperfine coupling tensor A(q = 0) on the direction of the external field, i.e., the component A zz (0). Thus, for a rotation of the crystal in a fixed external field the shift can be extracted from:
where χ el is the tensor of the electronic susceptibility, σ is the diamagnetic tensor, and D is a rotation matrix. Fig.  2 (a) shows the experimental shift δ (β) versus a simulation based on localized dipole moments for a rotation around the crystallographic a-axis, where β = 0 • corresponds to an external field parallel to the b-axis, compare Fig. 1 . The assumption that 100% of the spin magnetic moment resides on the Cu sites cannot describe the experimental data. A very good agreement is achieved for a spin moment transfer of 10% from copper to each of the neighboring nitrogen atoms in the pyrazine ring and a misalignment of 5
• between the actual rotation axis and the crystallographic a-axis. The transfer of delocalized spin moments was observed in similar systems [16] . For the resulting isotropic hyperfine part we find δ iso = 3600 ppm. The existence of two sets of spectral lines results from the relative twisting of pyrazine rings on two neighboring chains by ≃ 80
• . According to Fig. 1 , those will be labeled as line set A and B in the following.
Transverse dynamic structure factor
Before turning to the T −1 1 data, we present our method of calculation for the field and temperature-dependent transverse dynamic structure factor S ⊥ (q, ω n ). Switching to imaginary time τ the latter reads S ⊥ (q, τ ) =
−(β−τ )ω and β = 1/T . In real-space S ⊥ (q, τ ) can be calculated efficiently, using QMC. Following Ref.
[17]
where S ⊥ (q, τ ) = a e iqa S a,0 (τ )/N and a, 0 label lattice sites in a chain of length N . . . . W refers to the Metropolis weight of an operator string of length n generated by the stochastic series expansion of the partition function [18, 19] , and p, m are positions in this string.
Analytic continuation from imaginary times, i.e., S ⊥ (q, τ ), to real frequencies, i.e., S ⊥ (q, ω), is performed by the maximum entropy method (MaxEnt), minimizing the functional Q = χ 2 /2 − ασ [20, 21] . Here χ refers to the covariance of the QMC data to the MaxEnt trialspectrum S α⊥ (q, ω). Overfitting is prevented by the en-
. We have used a flat default model m(ω), matching the zeroth moment of the trial spectrum. The optimal spectrum follows from the weighted average • , where the latter rate of set A goes to zero.
with the probability distribution P [α|S(q, τ )] adopted from Ref. [20] .
Anisotropy of spin fluctuations
The ratio of longitudinal and transverse spin fluctuations contributing to the total spin-lattice relaxation rate at a given field can be evaluated from the anisotropy of T −1 1 [22] . Our previous studies show that in this system the geometrical form factors for the case of 13 C-NMR are almost q-independent [10] . Therefore, the spin-lattice relaxation rate only depends on S ⊥ (q), S z (q) and the orientation between the external field and the local hyperfine fields, which in turn are well known from the study of δ (β). Fig. 2 (b) shows the experimental T
−1
1 -rates versus a modulation of the relaxation rates based on equations (3), (4) and an almost isotropic dynamic structure factor calculated by QMC. The modulation was fitted to the experimental data by a single scaling factor determined by a least-squares fit. We find a good agreement for the comparison between our experimental data and the quantum Monte Carlo results. In this work we want to compare the experimentally and theoretically determined field-and temperature-dependent T −1 1 -rates stemming from transverse fluctuations only. Therefore, the contribution from longitudinal fluctuations S z (q, ω) was minimized by minimizing F z (q). Fig. 2 (c) shows that for line set A the longitudinal fluctuation contribution to T −1 1 approaches zero for β = 50
• . This line set and orientation was used for the subsequent measurements shown in Figs. 3 and 4 . Note that the transverse spin fluctuations also dominate the nuclear relaxation due to the large Fermi contact term in F ⊥ (q). Fig. 3 we compare the observed NMR rates with the QMC results versus magnetic field in the quantum regime k B T ≪ J, with T = 1.6 K. The QMC data shown in Figs. 3 and 4 were calculated from the transverse dynamic structure factor S ⊥ (q, ω) [23] and scaled with a factor assigned at 2.0 T and high temperatures. The similarity between experiment and theory is remarkable. For both we find a pronounced maximum of T −1 1 (B) at B = 13.8 T shifting to lower fields with increasing temperature. To interpret these results, we note that in the fully polarized state for B > B c , single magnons are exact eigenstates of Eq. (1) with a dispersion of
1/T 1 : field dependence In
E > (k) displays a field-driven excitation gap of gµ B B − J leading to an exponential decrease in T 1 , tending to diverge as T → 0. For both, NMR experiment and QMC, the maximum in Fig. 3 occurs atB c ≈ 13.8 T, which is slightly less than the saturation field of B c = 14.9 T for the magnetization. This downshift is most likely a finitetemperature effect of excitations populating the gap. rates for fields in the vicinity of the saturation field are shown. We find the strongest low temperature divergence atB c =13.8 T. This is very suggestive of critical scattering as T → 0. With increasing temperature the van-Hove singularity in the DOS at B c is smeared leading to the decrease in T −1 1 . At B c ≃ B = 14.8 T the experimental data show no divergence but rather the opening of a spin gap. Possibly this field is slightly above the true saturation field for this orientation due to the sensitivity of the exact value of B c to the anisotropic gfactor. The QMC data for 12.8 and 13.8 T show a satisfying agreement with the experiment, with the same divergence at low temperatures. In contrast to the experimental data, at 14.8 T there is still a divergence as the quantum regime is approached. In the classical regime k B T ≫ J the rate is decreasing with increasing fields. This is indicative of an excitation spectrum dominated by spin-diffusion modes from q = 0.
Conclusion
We performed a complementary experimental and theoretical study of the low-frequency spin dynamics in the isotropic S=1/2 antiferromagnetic Heisenberg chain system copper pyrazine dinitrate. We find clear evidence for critical dynamics close to a field-induced QCP, as probed by the nuclear spin-lattice relaxation rate T −1 1 . Experimental data and QMC calculations are in good agreement and show a pronounced maximum in T −1 1 in the vicinity of the saturation field. In this study, the anisotropic contribution from longitudinal spin fluctuations to T −1 1 was minimized. From the analysis of the NMR frequency shift we conclude a spin moment transfer of 10% from copper to each of the neighboring nitrogen atoms in the pyrazine ring.
